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A brief history of arthropod pest control Introduction
Two of the most important challenges facing humanity in the twenty-first century comprise food production and disease control. These are challenges that are associated with the increasing global human population (Figure 1 .1) and with the control of arthropod pests, the subject of this book. The importance of these challenges cannot be overemphasised. Arthropod pests are responsible for global pre-and postharvest crop losses of approximately 20-50% of potential production and for transmitting a number of the world's most important diseases (Table 1 .1). For example, it has been estimated that the protozoan organism causing malaria infects approximately 500 million people worldwide -almost 10% of the people on earth.
It is undoubtedly the case that humanity's problems with arthropod pests are not new and they certainly predate the development of agriculture approximately 10000-16000 years ago. Arthropods first appear in the fossil record over 500 million years ago during the Cambrian 1 period at the start of the Palaeozoic. The oldest insect fossils to have been found so far are dated to the Devonian, a period that began 400 million years ago. Modern insects begin to appear in the fossil record about 280 million years ago. However, the time scale over which different insect orders are detected in the fossil record stretches up until 75 million years ago, during the Cretaceous period at the end of the Mesozoic. For example, silverfish (order Thysanura) are detected in the fossil record from the Devonian while caterpillars (order Lepidoptera) are not detected until the Cretaceous. By contrast, Homo sapiens has been around for about a 100000 years. It should therefore come as no great surprise to know that so far we have not been able to conquer the problems that arthropod pests pose. These animals have had far more time than humans to evolve and adapt to life on earth.
This first chapter gives a brief historical account of arthropod pest control. The chapter begins by considering the importance of the development of agriculture as a method for food acquisition. The cultivation of plants and the domestication of animals would have vastly increased the opportunities for humans to associate with arthropod pests. This is followed by a description of some of the earliest recorded examples of attempts to control arthropod pests. A brief review of pest control from 1600 to 2000  is then given. The chapter ends with a description of some of the modern high-tech methods of pest control that have been developed for use in the twenty-first century. In short, this introduction serves as a foreword to the book as a whole.
Neolithic agricultural development and pest control
The earliest evidence of domesticated plants and animals, the basis of agricultural development, dates from between 16000 and 10000 years ago. The earliest evidence comes from Mesopotamia 2 and from the Nile delta in Egypt. The later evidence comes at the start of the Neolithic period (8000 ) from Europe, a period that is dated from the end of the European ice age. Wherever agricultural development began, it was certainly invented more than once because there are no links that can be accurately made between the farmers of such far-removed areas as the Americas and the Middle East.
As a method for food acquisition, agriculture would have had profound and long-lasting effects upon the development of human populations and consequently upon the development of problems associated with arthropod pests. The change from a hunter-gatherer lifestyle to that of a farmer would have had many implications. First, an increased food supply would mean that more individuals could be supported within the family unit. One result of this would be that families would tend to increase in size as it would be advantageous to have more hands to work the land. Second, growing crops would have required the development of a more permanent home base from which to run a farm. This would have led to the development of early fixed settlements, a prelude to villages, towns and cities. Jericho in Palestine is the oldest documented permanent human settlement and was founded around 9000 . Third, a more reliable and guaranteed food source would have left more time for other pursuits that are often characteristic of the development of civilisations. These would have included artistic pursuits such as writing and music. Fourth, lessons would have begun to be learnt about soils, the climate and successful agronomic practices. This would have been especially the case as populations expanded and moved to occupy new geographical areas. In Europe, 4 A brief history of arthropod pest control where people practised slash-and-burn agriculture it would have been necessary to move on a regular basis anyway. Fifth and last, increased crowding (of people, crops and animals) would have exacerbated problems associated with arthropod pests and so would have stimulated the development of the first selective breeding and domestication programmes and the first attempts to try to control pest species. In short, the development of agriculture represented a major step forward in human cultural evolution. It was also a development that would, for the first time, have brought humans into mass contact with the arthropod pests that would have used their crops and their animals for food and reproduction. Such contact would undoubtedly have led to the development of attempts to control these noxious organisms.
Early attempts at pest control
The earliest attempts to boost (or sustain) agricultural production concentrated upon agronomic practices that ensured an adequate water supply, the use of fertile soil and the choice of the most well-adapted cultivars. Progress with the control of pest species would therefore have been slow, although practices such as rotations and cultivar selection would undoubtedly have helped. The usual response by people to large-scale attack by pests was to suffer or move. For example, the exodus of the Israelites (c. 1300 ) described in the Old Testament has been attributed to plagues of locusts, flies and lice that consumed crops and spread disease among the inhabitants of the Nile.
The use of chemicals to control pests can be traced back at least 4000 years. For example, the Hindu book, the Rig Veda, written in India in 2000 , makes reference to the use of poisonous plants for pest control. It is also known that plants were used as sources of insecticidal compounds by the Egyptians during the time of the Pharaohs. Ancient Romans are credited with having used false or white hellebore as a rodenticide. Homer, in 1000 , mentions the use of sulphur as a fumigant while Pliny, in 77 , makes reference to the use of arsenic, soda and olive oil. Lastly, in 970 , the Arab scholar Abu Mansur described over 450 plant products with toxicological and/or pharmacological properties.
3 Despite such knowledge, though, progress in pest control until at least the 1500s was agonisingly slow. Agricultural development had been critical in the development of early civilisations and empires in Asia, the Middle East and South America. However, such development had largely occurred because of improvements in agronomic practices, most notably in the provision of good nutrient supplies for crops. This is not surprising since it was agronomic practices that were the greatest constraint to increased yields. Pest control, using cultural techniques such as crop rotations, would have happened. However, this control occurred more because of a desire to improve yields through better agronomy than as a result of any preplanned pest control strategy.
The development of agriculture and pest control in western Europe during this time period was a completely different matter. This region was something of a rural backwater that was years behind the empires that had already developed elsewhere in the world. Technical developments such as horseshoes, fixed-mouldboard ploughs and watermills were gradually introduced to farmers in Europe. However, early essays on agriculture, written by the classical scholars Cato, Varro and Columella, were still being used in Europe right up until the sixteenth century. 4 The events of greatest significance to pest control at this time came at the 6 A brief history of arthropod pest control end of the fifteenth century with the four voyages of Christopher Columbus to the New World (1492-1503). These voyages led to the exchange of plants and animals between the Old and the New World and, consequently, to the exchange of insect pests. Tables 1.2 and 1.3 list of some of the plants and insect pests that were exchanged between continents as a result of these and other voyages. It was these and later exchanges that eventually led to the development of modern systems of plant quarantine. The movement of pest species also led to the development of pest control based upon the use of predatory species imported from a pest's country of origin (classical biological control -see Chapter 5).
Pest control after the sixteenth century
The explorations of the New World and the opening-up of trade routes with Asia not only led to the movement of pests but also to the discovery of new means for controlling pests. Many native cultures were already using extracts from plants for the control of arthropod pests and early explorers rapidly exploited such technology. For example, the first explorers of the Americas observed that native Indians in Venezuela were using the powdered seeds of a lily, Sabadilla officinarum, to protect crops from insect attack. This observation led to the export of this crop to Europe, and to the use of the extract for pest Pest control after the sixteenth century 7 control right up until the middle of the twentieth century. Similar events happened with the discovery that nicotine was widely used in North America for pest control, that quassia (from Quassia amara) was widely used in Central America and that sweet flag (Acorus calamus) was widely used in China and India. One result of these explorations was that, during this period, plantbased chemical control of arthropod pests began to increase. A more complete list of the plants in use that were discovered during these European explorations is given in Table 1 .4. These plant-based extracts really dominated the pest control market in Europe and the colonies up until the end of the nineteenth century. However, from the sixteenth century onwards, inorganic compounds (some of which had been mentioned 2000 years earlier) began to become more widely available and hence, more widely used. For example, arsenic mixed with honey was used as an ant bait from the mid-1600s onwards. Copper arsenite, lead arsenate and calcium arsenate all became widely available from the end of the nineteenth century onwards. In the early 1900s sodium fluoride and cryolite (an aluminium salt of fluorine) were marketed for pest control. Finally, a number of other formulations based on sodium, mercury, copper and tin were also developed.
Many of these inorganic chemicals for pest control had two features in common: they had high mammalian toxicities and they acted as stomach poisons (they needed to be consumed by pest species to be effective). Both of these characteristics led to a decline in their use and they were eventually replaced by more selective and effective synthetic organic compounds. Most of the inorganic pesticides that remain in use today (2002) are fungicides.
Developments in the products available for controlling arthropod pests were matched in the eighteenth and nineteenth centuries by technological developments in agricultural equipment and by the development of scientific approaches towards farming. For example, the French inventor Victor Vermorel designed and marketed one of the first commercial crop sprayers in 1880. One result of these developments was that farmers began to experiment with farming. As a result, food output (in Europe and North America) and the global human population continued to increase while pest control on farms began to become more effective.
The really dramatic changes in agricultural output (in Europe and North America) and in arthropod pest control (globally) however were to have their origins in events that happened before and during World War II. These changes were to herald what was perhaps to be the zenith of chemical pest control during the years 1945-70. During this time period, four major groups of synthetic organic insecticides -organochlorides, organophosphates, carbamates and pyrethroids -were all first discovered and developed for widespread use. All of these major groups of insecticide are still in widespread use around the world today.
The development of modern chemical pesticides
Modern twentieth century arthropod pest control began with the discovery in 1939 that dicholorodiphenyltrichloroethane (DDT) was toxic to insects (Figure 1 .2). The insecticidal properties of this chemical compound were recorded by Paul Müller, a research scientist working for the Geigy Chemical Company. He was awarded the Nobel Prize for Medicine in 1948 for his research. This chemical, which is perhaps the best-known insecticide worldwide, revolutionised pest control. It is relatively cheap to produce, has a broad spectrum of activity and is selective in its toxicity. DDT was first used during the war to protect troops from diseases such as yellow fever, typhus, elephantiasis and malaria. The success of the pesticide was better than anyone had thought possible and after the war DDT was used widely to combat these diseases in the civilian population. For example, in India alone cases of malaria declined from 75 million to fewer than 5 million per annum in a decade. It is because of this and other successes that DDT continues to be used today for vector control in a number of developing countries. After the war, DDT was also widely used in agriculture to protect crops from pests. The discovery of the toxic properties of DDT spawned research into the toxic properties of related organic molecules. The result of this research was that the organochloride insecticides became a major force in pest control throughout the late 1940s and 1950s.
The development of modern chemical pesticides 11 Fig. 1.2 . Dichlorodiphenyltrichloroethane (DDT). The chemical structure is shown because this is probably the best-known pesticide worldwide. The structure exerts its toxic effects by disrupting the passage of nerve impulses along axons.
At the same time as the discovery of the insecticidal properties of the organochlorides came the discovery of the organophosphate insecticides. A German chemist G. Schrader had been looking for a replacement for nicotine. This chemical was in short supply at the time and in 1941 he finally produced his first compound, schradan. Schradan is very toxic to mammals but its discovery led to the development of a group of insecticides that has finally numbered more than 100 active ingredients in over 10000 different formulations. However, since this research was linked with wartime German studies on the organophosphorus nerve gases (sarin 5 and tabun), this was hardly an auspicious start for these chemicals (see Chapters 3 and 4 for more detail). The organophosphate insecticides are still in wide use all over the world today.
The third major group of synthetic organic insecticides to be developed were the carbamates. These chemicals were originally developed by the Geigy Corporation in 1951 but it was not until 1956 that the first commercial product, carbaryl, was marketed by Union Carbide. The development of synthetic carbamates took place because it was already known that the chemical physostigmine (a naturally occurring carbamate found in Physostigma venenosum, the calabar bean) had powerful anticholinesterase activity. This naturally occurring carbamate could not be used for pest control because it is unable to penetrate pest species' nervous systems although it was (successfully) used in witchcraft trials by ordeal in West Africa. Research into synthetic carbamates eventually produced over 20 active ingredients, many of which are still in use today.
The fourth major group of chemical insecticides to be developed during the time period following the end of World War II were the synthetic pyrethroids. These insecticides were developed as a result of attempts to improve the chemical stability of naturally occurring pyrethrum, a compound that was extracted from the flower heads of chrysanthemums. The first synthetic pyrethroid, allethrin, was introduced for pest control in 1949. This early research led to further improvements in the chemical stability of this group throughout the next 30 years. Today, the pyrethroids comprise almost 40 different active ingredients and in many developed countries they are the most widely used insecticides for pest control.
In addition to these four insecticidal groups (organochlorides, organophosphates, carbamates and pyrethroids) we can now also add the neonicotinoids. These compounds were successfully developed and commercialised during the 1990s and, in some markets at least, are now becoming the insecticides of choice (see Chapter 3 for more detail).
These five major groups of insecticide continue today to dominate the chemicals used for arthropod pest control, although regional variations exist in the group of choice. In terms of their development we can characterise at least three major changes within the synthetic chemical pest control market. These changes are as follows:
• A decrease in the rate of application of insecticides (Figure 1.3) . Lead arsenate, which was widely used in Europe at the beginning of the twentieth century, was typically applied at a rate of 10000 g/ha. By contrast, alphacypermethrin, an insecticide in wide use in Europe at the end of the twentieth century can be applied at a rate of 10g/ha. • An increase in the research and development costs associated with bringing a new active ingredient to the market (Table 1 .5). The reasons for this increase include: (1) a decline in the rate of discovery of novel molecules for pest control; and (2) an increase in the number and complexity of tests required prior to product approval (Table 1.6).
• A decline in the number, but increase in size, of the companies involved in pesticide research and development work. At the end of 1998 Hoechst and Rhône-Poulenc joined forces to create Aventis and in November 2000 Zeneca and Novartis merged to create Syngenta. With sales in 2000 of c. $4 billion and $6 billion, respectively, these are now two of the world's largest agrochemical companies (see glossary for more details).
Within agriculture, there is absolutely no doubt that the discovery and development of these and other pesticides have made, and will continue to make, an enormous contribution towards massive increases in crop yields that have taken place in countries all over the world. There is also no doubt that these chemicals have made, and will continue to make, a substantial contribution towards the control of vectors of disease. Crop breeding, government support and legislation, increased fertiliser use, mechanisation and improved agronomic practices have all also contributed to agricultural production and to pest control. However, the contribution that chemical control of arthropod pests has made to boosting agricultural productivity worldwide can still not be overstated. By 1998 the global chemical crop protection market was valued at c. £25 billion. Despite the many successes that have occurred with chemicals that are used for pest control, such technology did not prove to be the panacea that most people thought it might be. Within 20 years of the end of World War II alternatives were being sought in Europe and North America to the use of 1910 1930 1950 1970 1990 2010 Pesticide (Year of Introduction) Application Rate, log10 g/ha Fig. 1.3 . The decline in the rate at which pesticides are commonly applied to crops over the past 100 years. DDT, dichlorodiphenyltrichloroethane. 
The development of integrated pest management
The development of alternatives to the use of chemicals for the control of arthropod pests began in earnest in the developed world following the publication in 1962 of Rachel Carson's book Silent Spring. This book articulated, for the first time, the increasingly widespread belief that all was not well with what was often indiscriminate and prophylactic chemical-based insect control. Resistance to insecticides had already been documented in 1914 and was becoming increasingly common ( Figure 1.4) , resurgent pests were becoming more common, the public was becoming increasingly concerned about residues in food and there was a general concern about the environmental impacts associated with widespread pesticide use. In short, questions began to be asked about a pest control tactic that relied on one technique (a chemical pesticide application).
The result of this questioning was the development of a new philosophical approach towards pest control. This approach was called IPM. Aided by the development of new economic and ecological models and by the development of new techniques for pest control, IPM began to develop over the period 1960-90. The essence of IPM in agricultural situations is that techniques for pest control are integrated or blended. This integration should result in: (1) pest damage that is below levels that would be economically damaging; (2) a minimum adverse impact of a chemical upon the environment (including impacts on nontarget species); and (3) a food production system that is sustainable in the medium to long term. Given such a definition, IPM can either be exceedingly complex or exceedingly simple.
Inherent in the definition of IPM is the concept of economic damage and models were developed in the 1960s that could be used to incorporate this concept. Two of the most important parameters within these models are the economic injury level (EIL) and the economic threshold (ET). These terms were first formally proposed by Stern and colleagues in 1959. The former refers to the point (in pest density) at which the cost of damage caused equals the cost of the control measure to be applied. The latter parameter recognises that control tactics take time to work and the ET is therefore the point at which control measures must be applied in order to prevent a pest population from reaching the EIL. The ET is therefore always at or below the EIL. Figure  1 .5 shows a schematic of these respective levels.
The magnitude of the separation between the EIL and the ET will depend on the speed with which a control tactic will work, with the current density of the pest population, with its propensity to increase before it is controlled and with the economic value of the damage being caused. The simplest models that have been produced incorporate data on pest density, product price, a damage function (a measure of damage per pest or pests), the efficacy of the control measure and the cost of the control measure. These data are incorporated as shown in the equation below:
where ϭthe ET (a pest density), Cϭcost of control, Pϭthe market value of the product, Dϭthe damage function and Kϭthe efficacy of the treatment applied.
The damage function is a measure of the yield loss that will occur in relation to injury caused by a particular pest density. This function is usually highly dependent upon environmental variables and it is typical for these to be incorporated into predictive models of crop losses and economic thresholds.
While economic models may have been useful in getting growers to think about the economics of control, they are very difficult to construct and implement accurately in a field-based situation, particularly with an individual who is known to be risk-averse (i.e. a farmer). The problem of course is that all of the parameters that go into construction of the economic model can vary. Market conditions (the determinant of product price) frequently fluctuate, with the result that the price on the day on which decisions have to be made with regard to a control measure may be vastly different from the price that the farmer gets for the harvested crop. Both agronomic practices (good or bad husbandry, etc.) and geographical location (climate and market) will affect economic models of pest damage. Costs of control may vary widely between countries depending upon whether or not government subsidies are available for crop protection. Costs will also vary depending upon whether an allowance is made for environmental impact or not, i.e. what is the cash value attached to the environmental damage caused by the use of a control measure? In most cases this will be zero but this does not mean that this will always be so. Finally, consumer tastes are known to vary widely in terms of both product quality and desirability.
Despite the difficulties inherent in constructing good economic models for pest control, farmers in many countries are beginning to think in terms of ETs 
